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A B S T R A C T   

Organic compounds are promising cathode materials for efficient aqueous Zn-ion batteries due to their structural 
diversity and tunability, but their limited capacity and inadequate cycle life plague the practical applications. In 
this study, a two-step MOF-derived pyrolysis and oxidative polymerization strategy has been developed to 
prepare locally protonated nitrogen-doped carbon dodecahedron@polyaniline (NCD@PANI) nanohybrids as an 
efficient cathode for ultra-stable Zn-ion storage. The N-doped carbon skeleton with rich pyrrolic-N groups can 
serve as the coordinator to regulate the local protonation environment of PANI through strong hydrogen bond 
interactions, thus promoting the redox reactions. As expected, the as-assembled NCD@PANI//Zn battery exhibits 
excellent electrochemical performances, including a high capacity of 325 mAh g− 1 at 0.2 A g− 1 and a long cycle 
life of 5000 cycles. The governing Zn2+/H+ dual-ion insertion/extraction mechanism is further unveiled using a 
series of ex situ measurements. This work provides a new strategy to develop high-performance organic com-
pound electrodes for efficient energy storage devices through the technique of local protonation.   

1. Introduction 

Aqueous energy storage systems such as batteries and super-
capacitors have deservedly attracted extensive attention in terms of high 
safety, low cost, and fast ion transport kinetics [1–3]. In particular, 
aqueous Zn-ion batteries that store energy based on Zn2+ extraction/ 
insertion from/into cathode are emerging as favorable devices for 
practical applications, as they possess the intriguing properties of Zn 
anode with high theoretical capacity (820 mAh g− 1), low redox potential 
(− 0.762 V vs. standard hydrogen electrode) and abundant resources 
[4–11]. Additionally, the nearly neutral electrolyte solutions can sup-
press the dendrite growth [12,13]. Nevertheless, the high valence and 
large ionic radius of Zn2+ may lead to slow ion kinetics and structure 
collapse in the inorganic host materials during extraction/insertion 
[6,14,15]. Thus, the critical mission we are facing is to explore efficient 
cathode materials with satisfactory capacity and cycling stability. 

Compared to inorganic materials, organic compounds provide a va-
riety of brand-new options due to their structural diversity and 
tunability, complex functional groups, as well as environmental 
friendliness [16–18]. Organic materials with a long π-electron con-
jugative effect usually show higher conductivity than inorganic oxides 
[19–21]. Moreover, the flexible structure and soft lattice in organic 
compounds could promote the fast and reversible insertion/extraction of 
Zn2+ during redox reactions [21–23]. Polyaniline (PANI), as a repre-
sentative of conducting organics, has been well studied in Zn-organic 
batteries [24–26]. Generally, PANI exhibits significant activity in 
highly acidic solutions, but low capacity and inferior stability in aqueous 
Zn-ion batteries that use neutral or slightly acidic electrolytes (eg. 
ZnSO4) [27]. One effective approach to enhance the redox behaviors of 
PANI is to promote the protonation of PANI in acidulous solutions. 
Recently, ionizable –SO3

- groups were found easily to be self-doped into 
PANI, to increase the proton concentration on the backbone, and 
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therefore promote the electrochemical efficiency in ZnSO4 electrolyte 
[24]. Although achievements have been made, the intrinsic doping 
functions were restricted to anions of Bronsted acids, and therefore a 
novel and simple strategy to facilitate the local protonation of PANI in a 
weakly acidic system is urgently needed. 

Herein, for the first time, we demonstrate that the zeolitic imidazo-
late framework-8 (ZIF-8) derived nitrogen-doped carbon dodecahedron 
(NCD) with rich pyrrolic-N can provide a local protonation environment 
in PANI through strong hydrogen bond interaction, which memorably 
expedites the redox reactions in ZnSO4 solutions. The protonated 
NCD@PANI heterostructures by growing PANI on the surface of NCD, 
thus achieve an exceptional capacity of 325 mAh g− 1 at 0.2 A g− 1 and 
long-term cyclic life of 5000 cycles for Zn-organic batteries, as well as 
great applicability to Zn-ion hybrid supercapacitors (ZHSCs). The 
surface-controlled dual-ion mechanism involving Zn2+/H+ ion inser-
tion/extraction is further confirmed, which endows the battery with fast 
reaction kinetics and efficient charge storage in aqueous Zn-organic 
batteries. Therefore, the hydrogen bond-mediating protonation strat-
egy may pave a new path to high-performance organic compound-based 
zinc batteries. 

2. Experimental section 

2.1. Synthesis of NCD 

Briefly, 1.05 g of Zn(CH3COO)2⋅2H2O and 3.20 g of poly-
vinylpyrrolidone (PVP) were dissolved in 200 mL of methanol to form a 
homogeneous solution, while 2.62 g of 2-methylimidazole (2-MIM) was 
dissolved in 200 mL of methanol to generate another clear solution. The 
above solutions were then mixed by stirring for 1 h and further aged at 
room temperature for 24 h. Then the white precipitate of ZIF-8 was 
collected, washed with methanol several times, and further dried in the 
oven at 60 ◦C overnight. Finally, the as-synthesized ZIF-8 was calcined 
in a nitrogen-filled tube furnace at 900 ◦C for 5 h with a heating rate of 
5 ◦C min− 1. 

2.2. Synthesis of NCD@PANI and PANI 

30 mg of NCD was dispersed in 10 mL of deionized water under ul-
trasonic for 25 min to obtain solution A. 0.3 mL of aniline monomer was 
dissolved into 10 mL of concentrated HCl solution to form solution B. 
180 mg of ammonium persulfate (APS) as an oxidant was dissolved in 
10 mL of 1 M HCl aqueous solution to form solution C. Subsequently, the 
above solution B was then dropwise added into solution A. Furthermore, 
solution C was rapidly pulled into the above mixture. After reaction for 
4 h, the product was centrifuged, and then washed with deionized water 
and absolute ethanol each for 3 times. Then the obtained sample was 
dried under 60 ◦C overnight. The content of PANI in the NCD@PANI 
composite is approximately 49%. For comparison, pure PANI was pre-
pared following the same procedure but without the addition of NCD. 

2.3. Material characterization 

Powder X-ray diffraction (XRD) patterns were collected on a Bruker 
D8 Advance diffractometer with Cu-Kα radiation, and the threshold was 
set to 0.214–0.228 V. The morphology of the samples was characterized 
by scanning electron microscopy (SEM) that was operated at a Hitachi S- 
4800 scanning electron micro-analyzer with an accelerating voltage of 
15 kV. The microstructure of the materials was analyzed by transmission 
electron microscopy (TEM) and high-resolution TEM (HRTEM) with a 
JEM-2100F field emission micro-analyzer at an accelerating voltage of 
200 kV. X-ray photoelectron spectroscopy (XPS) was carried out on an 
ESCALab MKII X-ray photoelectron spectrometer using Mg Kα X-ray as 
the excitation source. Raman spectra were acquired on a Renishaw in 
Via-Refles with a laser line of 532 nm. Fourier transform infrared 
spectroscopy (FTIR) was performed on Nicolet Nexus 670. N2 

adsorption–desorption tests were conducted on a Micromeritics ASAP 
2020 analyzer at 77 K. 

2.4. Electrochemical measurement 

Cyclic voltammetry (CV) was conducted on CHI760E workstation 
with a voltage range of 0–1.8 V. EIS measurements were tested on the 
CHI760E workstation with a frequency range of 100 kHz to 0.01 Hz. 
Galvanostatic charge/discharge (GCD) measurements were carried out 
on the LAND CT2001A system. 

The assembly procedure of Zn-organic batteries and ZHSCs, as well 
as the calculations for specific capacity, energy density, and power 
density can be seen in the supporting information. 

3. Results and discussion 

3.1. Synthesis and morphology of NCD@PANI 

The fabrication process of the hetero-structured NCD@PANI core–-
shell nanostructures is depicted in Fig. 1a. Starting with ZIF-8 as the 
precursor, a nitrogen-doped skeleton with a dodecahedral structure is 
produced through a pyrolysis process. Afterward, the hierarchical 
NCD@PANI heterostructures are formed by growing PANI nanorod ar-
rays on the surface of the NCD skeleton using an oxidative polymeri-
zation procedure. 

The fabrication process of the NCD@PANI was first characterized by 
different measurements. As shown in Fig. S1, NCD displays a porous 
dodecahedral morphology with a diameter of approximately 700 nm. 
After the oxidative polymerization process, numerous PANI nanorod 
arrays were grown on the NCD skeleton compactly, resulting in an 
urchin-like structure with a hairy surface (Fig. 1b and 1c). Transmission 

Fig. 1. (a) The synthetic process of the NCD@PANI. (b, c) SEM images; (d) TEM 
and (e) HRTEM images of the NCD@PANI, (f-i) STEM image and elemental 
mapping images of the NCD@PANI. 

J. Gu et al.                                                                                                                                                                                                                                       



Chemical Engineering Journal 448 (2022) 137711

3

electron microscopy (TEM) further confirms the core–shell architecture 
with NCD surrounded by PANI nanorods (Fig. 1d). A magnified obser-
vation reveals that these PANI nanorods possess an amorphous structure 
(Fig. 1e). As revealed in the elemental mapping images, C, N, and O 
elements are homogeneously distributed throughout the whole elec-
trode, further verifying the successful formation of the NCD@PANI 
composite (Fig. 1f-1i). 

3.2. Local protonation in NCD@PANI 

To reveal the critical role of NCD, PANI nanorods were also fabri-
cated as a comparison using a similar procedure but without the addi-
tion of NCD (Fig. S2). The crystallographic structures of the NCD@PANI 
and PANI samples were then investigated with X-ray diffraction (XRD). 
Fig. 2a exhibits the XRD patterns of NCD@PANI and PANI, in which all 
the broad characteristic reflections are indexed to the pure amorphous 
phase of PANI [28]. Compared with the PANI, the diffraction peak at 25◦

for NCD@PANI displays a wider peak width, which may be attributed to 
the co-existence of amorphous carbon and PANI. This further certifies 
the composite structure of NCD@PANI. The Fourier transform infrared 
spectroscopy (FT-IR) spectra of the two samples both show the typical 
bands of PANI. As shown in Fig. 2b, the characteristic peaks at 803 and 
1130 cm− 1 are ascribed to C− H bending vibrations out of and in the 
aromatic ring plane, respectively, while the peaks at 1300, 1490, 1580 
cm− 1 arise from the stretching vibrations of C− N bonds in aromatic 
amines, benzenoid and quinoid ring vibrations [25,29,30]. These results 
all confirm the formation of PANI. Notably, the characteristic peaks at 
1130 (δC− H) and 1300 cm− 1 (νC− N) move to lower wavenumbers of 1116 
and 1294 cm− 1, respectively. This red shift in the FT-IR spectra origi-
nates from the strong interactions between NCD and PANI such as 
hydrogen bond and π − π interactions, leading to the effective proton-
ation in PANI and enhancing the electrochemical performance [31–33]. 

The chemical environments of NCD@PANI and PANI electrodes were 
further confirmed with Raman and X-ray photoelectron spectroscopy 
(XPS). The Raman spectrum exhibits the characteristic vibrational 

modes of PANI such as substituted benzene ring deformation (803 
cm− 1), C− H bending of the quinoid ring (1160 cm− 1), C− N stretching in 
benzenoid rings (1219 cm− 1), C− N+ stretching vibration (1337 cm− 1), 
C––N stretching of quinoid rings (1484 cm− 1) and C––C stretching vi-
brations of the benzenoid ring (1588 cm− 1) (Fig. 2c) [34,35]. The in-
tensity of the C− N+ stretching signal located at 1337 cm− 1 increases 
significantly after combining PANI with NCD, further verifying the more 
efficient protonation in PANI. The local protonation in NCD@PANI was 
also confirmed by XPS analysis. The survey spectra manifest the pres-
ence of C, N, and O elements in the as-prepared NCD@PANI and PANI 
samples (Fig. 2d). The O and N contents in the NCD@PANI sample are 
8.03 and 12.94 at.%, respectively, which are similar to those of PANI 
(Table S1). The high-resolution N 1s spectrum can be fitted into four 
types of N species corresponding to non-protonated imine (–N––, 398.4 
eV), non-protonated amine (–NH–, 399.4 eV), protonated imine (–NH+–, 
400.2 eV) and protonated amine (=NH+–, 401.7 eV, Fig. 2e and 
Table S2) [36–38]. Notably, the ratio of protonated imine and proton-
ated amine in NCD@PANI is 41%, which is significantly larger than that 
of PANI (28%). This clearly demonstrates that when combined with 
NCD, a greater protonation degree in PANI is achieved. To appreciate 
how these protonation responses arose, the surface nitrogen species in 
NCD were further analyzed. As shown in Fig. 2f, four types of nitrogen 
functional groups including pyridinic N (398.6 eV), pyrrolic N (399.7 
eV), graphitic N (401.1 eV), and N–oxide (402.9 eV) can be deconvo-
luted in the high-resolution N 1s XPS spectrum of NCD [39–41]. 
Considering that the lone pair electrons of pyrrolic N participate in the 
conjugation system of the ring, the shared electron pair between nitro-
gen and hydrogen strongly inclines to the side of the nitrogen atom, 
making the hydrogen almost in the state of proton. Hence, when PANI is 
coordinated with NCD, the pyrrolic N functional groups on the NCD 
surfaces could provide a local protonation environment in PANI through 
strong hydrogen bond interaction, which may be favorable to improving 
the electrochemical performances. 

3.3. Electrochemical behavior 

The effect of local protonation on the electrochemical behaviors of 
PANI was then investigated by assembling a coin-type aqueous Zn- 
organic battery, in which NCD@PANI is used as the cathode, Zn foil 
as the anode, and 2 M ZnSO4 aqueous solution as the electrolyte. The 
typical GCD curves of NCD@PANI and PANI are profiled in Fig. 3a and 
3b. As depicted, the NCD@PANI electrode exhibits a higher open-circuit 
voltage of 1.26 V than that of PANI with 1.06 V. And the same phe-
nomenon also appears for the discharge voltage in the second cycle. 
These phenomena are due to more protonated nitrogen species in 
NCD@PANI, which consist well with those of –SO3H doped PANI elec-
trodes [24]. The CV curves of the PANI and NCD@PANI electrodes both 
display a wide voltage window of 0 – 1.8 V and two pairs of wide 
oxidation/reduction peaks evidently (Fig. 3c). The redox peaks at ~ 1.1 
V (R1/O1) can be assigned to the leucoemeraldine-emeraldine transition 
of PANI, while the peaks at ~ 1.4 V (R2/O2) correspond well to the re-
action of quinone sites [26]. Besides, the enclosed CV area of 
NCD@PANI is larger than that of PANI, representing the enhanced en-
ergy storage performance (Fig. S3). This result can also be demonstrated 
by the prolonged discharge curve for NCD@PANI (Fig. 3d). Fig. 3e and 
Fig. S4 show the GCD curves of NCD@PANI and PANI at various current 
densities from 0.2 to 20 A g− 1. A maximum specific capacity of 325 mAh 
g− 1 is achieved for NCD@PANI at a current density of 0.2 A g− 1 based on 
the whole mass of the composite, which is higher than 208 mAh g− 1 for 
PANI and comparable to the values for the reported conducting polymer 
electrodes (Fig. 3f and Table S3). In addition, NCD@PANI maintains the 
specific capacity of 85 mAh g− 1 at a current density of 20 A g− 1 with an 
increase of 100-fold, which is better than that of PANI. The corre-
sponding Ragone plot of the NCD@PANI//Zn battery is depicted in 
Fig. 3g. The NCD@PANI//Zn battery reaches a higher energy density of 
292.6 Wh kg− 1 at a power density of 180.0 W kg− 1 and more 

Fig. 2. (a) XRD patterns; (b) FT-IR spectra; (c) Raman spectra; and (d) XPS 
survey spectra of the as-prepared NCD@PANI and PANI samples. (e) High- 
resolution N1s XPS spectra of the as-prepared NCD@PANI and PANI samples. 
(f) High-resolution N1s XPS spectra of the NCD. 
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impressively, a decent energy density up to 76.9 Wh kg− 1 can be 
retained even at an ultrahigh power density of 18.0 kW kg− 1, which are 
superior to those previously reported Zn-organic batteries 
[21,23–25,42–44]. Meanwhile, the NCD@PANI electrode retains 93% of 
the capacity over 5000 cycles at 5 A g− 1, while only 42% of the capacity 
is maintained after 1000 cycles for the PANI electrode, indicating the 
superb cycling stability of NCD@PANI (Fig. 3h and Fig. S5). The value is 
also superior to those of the reported conductive polymer//Zn batteries 
(Table S3). Additionally, the NCD@PANI electrode maintains the orig-
inal morphology after the cycling test, demonstrating the robust 

structural stability (Fig. S6). During the long-term cycling test, the 
Coulombic efficiency of NCD@PANI always maintains around 100%, 
suggesting the excellent reversibility of the electrochemical reactions. 

In order to gain insight into the energy storage behavior in the 
NCD@PANI electrode, the reaction kinetics was then analyzed by elec-
trochemical impedance spectroscopy and CV measurement. As shown in 
Fig. 4a, the Nyquist plots both are composed of a compressed semicircle 
in the high-frequency region and a sloped line in the low-frequency 
region. The diameter of the semicircle in the Nyquist plot of 
NCD@PANI is smaller in comparison with that of PANI, suggesting a 

Fig. 3. GCD curves of the as-prepared (a) NCD@PANI 
and (b) PANI at 1 A g− 1. (c) CV curves of the 
NCD@PANI and PANI at 1 mV s− 1. (d) GCD curves of 
the NCD@PANI and PANI at 0.2 A g− 1. (e) GCD 
curves of the NCD@PANI at various current densities 
from 0.2 A g− 1 to 20 A g− 1. (f) Corresponding specific 
capacities of the as-prepared NCD@PANI and PANI 
electrodes calculated by GCD curves. (g) Comparison 
of Ragone plot between NCD@PANI and other re-
ported cathodes for aqueous Zn-organic batteries. (h) 
Cycling performance of the NCD@PANI//Zn battery 
at 5 A g− 1.   

Fig. 4. (a) Nyquist plots of the NCD@PANI and PANI with an inset of the analog electrical circuit. (b) CV curves of the NCD@PANI at various scan rates. (c) The 
relationship between log (peak current) and log (sweep rate), and the corresponding b values. (d) Discrete contribution of diffusion-controlled and capacitive 
processes for the NCD@PANI at various scan rates. 
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lower charge transfer resistance. The EIS spectra are fitted with an 
analog electrical circuit (inset of Fig. 4a), and the corresponding fitting 
data of the EIS spectra of the as-prepared NCD@PANI and PANI samples 
are shown in Table S4. The NCD@PANI electrode obtains a smaller Rs of 
2.94 Ω and a low Rct of 32.6 Ω compared to those of PANI, clearly 
manifesting that the NCD@PANI electrode obtains the faster charge 
transport kinetics. Fig. 4b displays the CV curves of NCD@PANI at 
different scan rates from 0.2 to 1.0 mV s− 1. With the increase of the scan 
rate, the CV curve remains the original shape, indicating the fast redox 
reaction kinetics. The relationship between peak current (i) and sweep 
rate (v) was then investigated based on the following equation [45–47]:  

i = avb                                                                                                 

where a and b are adjustable constants. When b equals 0.5, indi-
cating a semi-infinite diffusion mechanism, while b equals 1.0, sug-
gesting a surface-controlled process. As displayed in Fig. 4c, the b value 
for the reduction peak is 0.94, while the two oxidation peaks obtain the 
b values of 0.83 and 0.94, respectively. For the PANI, the b value for the 
reduction peak is 0.90, while the two oxidation peaks obtain the b values 
of 0.82 and 0.93, respectively (Fig. S7). These results further manifest 
that the energy storage behavior in NCD@PANI is mainly dominated by 
the surface-controlled capacitive reactions, and the larger b values for 
NCD@PANI are conductive to the faster electrode reaction kinetics. The 
respective contribution of surface-dominated (k1v) and diffusion- 
controlled processes (k2v1/2) can be quantitatively calculated as fol-
lows [45,48,49]:  

i(V) = k1v + k2v1/2                                                                                

where k1 and k2 are unfixed constants. As shown in Fig. 4d, the 
surface-dominated contribution gradually rises from 80.0% to 94.8% as 
the scan rate increases from 0.2 to 1.0 mV s− 1. The enhanced capacitive 
process at higher current density is conducive to the fast kinetics in the 
NCD@PANI, leading to superior electrochemical performance. Fig. S8 
shows the relations between the real part of the impedance and the 
reciprocal square root of the angular frequencies of the NCD@PANI and 
PANI electrodes. The NCD@PANI electrode exhibits a smaller Warburg 
coefficient (σ) compared to that of PANI, demonstrating its faster ion 

diffusion ability. 

3.4. Energy storage mechanism 

The energy storage mechanism of the NCD@PANI//Zn cell was 
further investigated. N2 adsorption and desorption tests were first 
implemented on NCD@PANI and NCD electrodes to reveal their pore 
structure. As shown in Fig. S9, the NCD@PANI obtains a specific surface 
area and pore volume of 38.61 m2 g− 1 and 0.084 cm− 3 g− 1, respectively. 
The specific surface area and pore volume of NCD@PANI decline 
significantly in comparison with those of NCD, revealing that the pores 
of NCD have been blocked after growing PANI nanorods on the surface. 
Therefore, the charge storage process involved ion adsorption may not 
be significantly contributive to the total capacity, and the capacity 
contribution of the NCD in the composite may be ignorable. In order 
better to reveal the energy storage behavior, the NCD@PANI cathodes at 
fully charged (1.8 V) and discharged states (0 V) were analyzed using ex 
situ instruments (Fig. 5a). As presented in Fig. 5b, the emergence and 
disappearance of the sharp peaks at 12.2, 24.6, 33.0, and 35.4◦ in the 
XRD patterns of the NCD@PANI electrode demonstrate the formation 
and dissolution of Zn4SO4(OH)6⋅H2O (JCPDS: 39–0690) upon dis-
charging and charging, respectively. The reversibility of this process is 
further affirmed by the ex situ scanning electron microscopy (SEM) im-
ages in which some by-products with the nanoflake array-like 
morphology were formed on the surface of NCD@PANI electrodes 
when discharged to 0 V, while disappeared at a fully charged state 
(Fig. S10). The formation of Zn4SO4(OH)6⋅H2O during the discharged 
process should be attributed to proton intercalation into the NCD@PANI 
electrode, resulting in the dramatic increase of OH– concentration at the 
electrode–electrolyte interface. When charging, H+ ions were dein-
tercalated from the cathode, and therefore the by-products of 
Zn4SO4(OH)6⋅H2O would be dissolved. 

Ex situ XPS was further used to elucidate the charge storage process 
of the NCD@PANI cathode. As discharged from 1.8 V to 0 V, a strong 
signal of Zn 2p is observed (Fig. 5c and Fig. S11). This could be attrib-
uted to two possible reasons: the formation of Zn4SO4(OH)6⋅H2O and the 
Zn2+ insertion process. In order to clarify whether the Zn2+ insertion 

Fig. 5. (a) GCD curves at 1 A g− 1 of the NCD@PANI. (b) Ex situ XRD patterns of the NCD@PANI at fully charged and discharged states. (c) High-resolution Zn 2p of 
the NCD@PANI cathode at fully charged and discharged states as well as the cathode at 0 V with HCl treatment. (d) High-resolution N 1s XPS spectra of the 
NCD@PANI at fully charged and discharged states. 
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was involved, the byproduct of Zn4SO4(OH)6⋅H2O on the cathode at 0 V 
was removed by HCl solution (Fig. S12). Nevertheless, the Zn element is 
detected in the corresponding survey scan and the high-resolution Zn 2p 
spectrum even with the removal of byproduct (Fig. S11 and Fig. 5c), 
indicating that Zn2+ ions are involved in the GCD process. The Zn2+/H+

co-insertion/co-extraction in the NCD@PANI cathode is further eluci-
dated by N 1s core-level spectra. As shown in Fig. 5d, the high-resolution 
N 1s XPS spectra are fitted into four peaks related to –NH–, –N––, –NH+–, 
and ––NH+–. Generally, the former is referred to the reduced state, and 
the others are at the oxidized states. When discharged to 0 V, the species 
of –N= and =NH+– disappear, along with a significant increase in the 
content of –N–H, indicating a reduced process (Fig. S13). Besides, the N 
1s XPS spectrum slightly shifts to higher binding energy, probably 
because of the binding of Zn2+ to –N–– to form the reduced –N–– species 
[25,50,51]. However, at 1.8 V, the peak of –N–– fades away and the 
content of –NH– decreases, but more oxidized species including –NH+–, 
–N––, and ––NH+– are observed. Based on the above, it can be inferred 
that during the discharge process, the oxidized components are trans-
formed to –NH– and –N–– species, and meanwhile, Zn2+ and H+ ions co- 
insert into the electrode. Further, it goes through the opposite reactions 
as for the recharge process. Hence, the superior behaviors of NCD@PANI 
are ascribed to the following factors: First, the local protonation effect of 
NCD@PANI can provide more oxidized species, ensuring a higher ca-
pacity. Second, the highly reversible Zn2+/H+ ion insertion/extraction 
mechanism is favorable to the fast reaction kinetics of the NCD@PANI// 
Zn battery. 

3.5. Application in ZHSCs 

Besides Zn-organic batteries, NCD@PANI was used as the promising 
cathode for ZHSCs. The NCD@PANI//activated carbon (AC) ZHSC was 
further constructed by using NCD@PANI as the cathode, AC as the 
cathode, and 2 M ZnSO4 as the electrolyte. CV curves of the 
NCD@PANI//AC ZHSC present the quasi-rectangular shape at different 
scan rates from 5 to 80 mV s− 1 within a wide potential window from 
0 and 1.8 V, illustrating a typical capacitive behavior and fast electrode 
reaction kinetics (Fig. 6a). The mass ratio of the cathode and anode on 
the electrochemical performance of the NCD@PANI//AC cell was 

further evaluated using the GCD test. As shown in Fig. 6b and Fig. S14, 
the NCD@PANI//AC delivers a high specific capacity of 159 mAh g− 1 at 
a current density of 0.2 A g− 1 when the mass ratio is set to be 2.5. Also, a 
maximum energy density of 143.3 Wh kg− 1 and a supreme power den-
sity of 18.0 kW kg− 1 were achieved with the device at a power density of 
180.0 W kg− 1 and an energy density of 44.1 Wh kg− 1, respectively 
(Fig. 6c). In addition, during the long-term cycling test, 87% of the ca-
pacity remains over 10,000 cycles, verifying its robust cyclic life 
(Fig. 6d). Fig. S15 shows the Nyquist plot of the NCD@PANI//AC ZHSC, 
where a compressed semicircle in the high-frequency region and a 
sloped line in the low-frequency region are observed. The Rs and Rct of 
the NCD@PANI//AC ZHSC are 2.73 and 14.01 Ω, respectively, further 
verifying the quick charge transport at the electrode/electrolyte inter-
face (Table S5). 

4. Conclusion 

To summarize, we have rationally designed and fabricated the pro-
tonated NCD@PANI heterostructures as an efficient cathode for aqueous 
Zn-organic batteries. The as-assembled NCD@PANI//Zn battery adopts 
a dual-ion mechanism that involves the insertion/extraction of Zn2+/ 
H+, which is beneficial to the fast kinetics for charge storage. As a result, 
the aqueous battery obtains a capacity of 325 mAh g− 1 at 0.2 A g− 1 and 
robust stability over 5000 cycles, outperforming those of PANI-based 
batteries. Besides, an efficient ZHSC is constructed with the locally 
protonated NCD@PANI, further suggesting its superiority. Therefore, 
the locally protonated NCD@PANI cathode with the dual-ion insertion/ 
extraction mechanism could provide promising battery chemistry for 
energy storage applications. 
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